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METHOD FOR FILLING A GAS STORAGE
TANK

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage of International
Application No. PCT/FR2012/051841, filed Aug. 2, 2012,
claiaming priority from French Patent Application No.
1102315, filed Aug. 12, 2011, the contents of all of which are
incorporated herein by reference 1n their entirety.

The present invention relates to a method for filling a

storage tank with a gas mnitially 1n gaseous phase in order to
store said gas in solid phase.

It 1s known that 1n order to store gases that are normally
in gaseous phase under normal conditions of temperature
and pressure, particularly for purposes of transport, the gases
are compressed 1n order to change them into liquid phase,
even though the quantity of gas stored in a same volume 1s
considerably increased.

However, storage of these gases in liquid phase has
various disadvantages.

A first disadvantage 1s the instability of the stored liquid
phase, which requires the user to take precautions, particu-
larly when 1t involves their transport.

A second disadvantage i1s related to the fact that, on the
one hand, the volume of liquefied gas increases with the
temperature, and on the other hand, the pressure in the
storage tanks also rises and increases with the temperature,
even though the tanks that contain them must integrate these
various lactors, thus requiring the designer to give them a
thickness far greater than they would have if they only
contained gas 1n gaseous phase.

Moreover, in another domain of the technology, there are
cold production systems using thermochemical means 1n
which a reactor 1s placed 1n controlled communication with
a tank containing a gas 1n liquid phase. When the reactor and
the tank are placed in communication, the liqud gas con-
tained 1n the tank i1s vaporized, which absorbs a certain
amount of heat, so the tank 1s cooled and said gas 1s absorbed
by the reagent, thus generating an exothermic chemical
reaction. Consequently, the reactor 1s the source of a release
of heat. Once the reaction 1s completed, 11 the product
contained in the reactor 1s rcheated, the gas that was
absorbed by the reagent 1s released and this gas 1s then
condensed 1n the tank. Such devices are used 1n certain cold
production systems, particularly when 1t 1s desired to have
operational autonomy with regard to a source of electricity.

In a new application, the thermochemical reaction used
previously can be implemented to produce cold, in order to
store a gas 1n solid phase that was nitially 1n gaseous phase.
To that end, the reactor of such a device 1s used as the storage
tank for the gas. Indeed, 1t has been found that when all of
the gas 1n gaseous phase has reacted with the reagent, the
result 1s a reaction product that forms a solid compound, and
it 1s that solid compound that 1s stored.

Thus for example, 1n the case of a reagent composed of
calcium chloride and a gas consisting of ammonia, this
thermochemical reaction 1s as follows:

Ca(NH;),Cl,+4(NH;) S CA(NH;)Cl,+6H,

and the reaction product obtained i1s solid and composed
of calcium chloride.

However, to apply the present reaction to the domain of
storing gas, the largest possible quantity of gas should be
stored 1n order for it to be cost-eflective. Now, 1t 1s known
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that 1n practice, a reagent 1s used that 1s mixed with a product
called “matrix binder,” which i1s mtended to provide two
functions.

A first function of the matrix binder 1s to allow {free
circulation of the gas inside the reagent. Indeed, 1t 1s known
that for all of the reagent to be able to react with the gas, 1t
1s essential that the gas be able to come 1nto contact with all
of 1ts “mass.” This 1s why, 1n cold production techniques that
use this same type of thermochemical reaction, 1t has been
proposed to use a matrix binder that 1s preferably composed
of expanded natural graphite and that forms with the reagent
a reactive mixture, particularly 1n the form of a reactive core,
through which the gas can freely move.

A second function of the matrix binder is to evacuate the
heat produced by the thermochemical reaction. Otherwise,
the reaction would be stopped before it 1s complete. Thus,
the matrix binder must have good thermal conductivity,
which 1s the case with the alorementioned graphite.

It has been found that when the type of thermochemaical
reaction that was previously used 1n cold production 1s used
for storing gas, 1t 1s 1important to use a reactive mixture with
a much higher proportion of reagent, i1.e., on the order of
85% to 96% by weight, and preferably on the order of 94%.

It will be understood that under these conditions, the
filling of a reactive mixture by the gas in gaseous phase 1s
all the more diflicult because, 1n order not to cause 1rrevers-
ible deterioration of the reagent, the liquid gas must be kept
from coming into contact with 1it.

A purpose of the present invention 1s to propose a method
making 1t possible to optimally carry out such a filling of the
reactive mixture by the gas to be stored so that the user 1s
able to control the two essential parameters of this operation,
to with, the filling time and the fact that at no time during the
filling operation will the liquefied gas be able to penetrate
into the storage tank.

Thus, an object of the present invention 1s a method of
filling a tank with a gas 1n gaseous phase 1n order to store
said gas 1n solid phase, said storage tank contaiming a
reagent for that purpose, the reagent and the gas being such
that, when they are placed in the presence of each other, a
thermochemaical reaction occurs, resulting 1n the absorption
of the gas by the reagent and the production of a solid
reaction product, and conversely, a desorption reaction
occurs of the gas absorbed by the reagent, resulting from the
application of heat to said reagent when it has absorbed the
gas, characterized in that said gas 1s introduced into the
storage tank:

cither at a filling pressure that 1s equal to the equilibrium

pressure of the reagent at the filling temperature plus .
times the difference between the saturation vapor pres-
sure of the gas at the filling temperature and the
equilibrium pressure of the reagent at that same tem-
perature; the value of ¢ falling between 0.1 and 0.9, and
preferably being equal to 0.5,

or at a filling temperature that 1s equal to the vaporization

temperature of the gas at the filling pressure

plus B times the diflerence between the equilibrium tem-

perature of the reagent at the filling pressure and the
vaporization temperature of the gas at that same pres-
sure; the value of p falling between 0.1 and 0.9, and
preferably being equal to 0.5.

In one particularly mteresting mode of implementation of
the mvention, the filling pressure of the gas will be regulated
by adjusting the temperature of the storage tank and the
temperature of the container containing the gas. To do this,
during the filling:
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the storage tank and the container containing the gas will

be kept at a constant temperature,

for a given filling temperature, the holding temperature of

the container containing the gas will be equal to the
vaporization temperature of the gas at the filling pres-
sure.

In particular, said holding temperature may be obtained
by immersion of the storage tank and/or of the container
containing the gas 1n a bath thermostatically controlled at the
desired temperature. A collar at a regulated temperature can
also be placed around the tank and/or container that is to be
maintained at a constant given temperature.

In order to allow good circulation of the gas in the mass
of the reagent, the reagent can be mixed with a “matrix
binder” in order to constitute a mixture called “reactive
mixture.” This matrix binder can advantageously be com-
posed of expanded natural graphite, ensuring that the appar-
ent density of the reactive mixture composed of the

expanded natural graphite and the reagent falls between 40
ke/m> and 120 kg/m’, and preferably on the order of 50
keg/m”.

The gas to be stored may consist of ammonia and the
reagent may 1n particular consist of salts such as alkalines,
alkaline-earth, or metals such as, in particular, calcium
chloride, barium chloride or manganese chloride.

Preferably, a reactive mixture will be used in which the
proportion by weight of the reagent will be between 50%
and 98%, and will preferably be on the order of 94%.

An object of the present invention 1s also a facility for
filling a storage tank with a gas 1n gaseous phase contained
in a container for storage in solid phase 1n the storage tank,
to that end said tank containing a reagent, the reagent and the
gas being such that, when they are in the presence of each
other, a thermochemical reaction occurs resulting in the
absorption of the gas by the reagent and the production of a
solid reaction product, and conversely, a desorption reaction
occurs of the absorbed gas by the reagent resulting from the
application of heat to said reagent when it has absorbed the
gas, characterized in that 1t includes means that make 1t
possible, during the filling of the storage tank:

to maintain the storage tank and the container containing

the gas at a constant temperature,

for a given filling temperature, to regulate the temperature

of the container containing the gas at a value equal to
that of the vaporization temperature of the gas at the
filling pressure.

Said means for maintaining temperature, during the filling
of the storage tank, may be composed of thermostatically
controlled baths in which the storage tank and/or the con-
tainer containing the gas 1s immersed.

A description will now be provided, by way of non-
limiting example, of one form of execution of the present
invention, with reference to the appended drawing 1n which:

FIG. 1 1s a pressure-temperature diagram representing the
curves ol the change of state of the ammonia and decom-
position of the bartum chloride used 1n a first mode of
implementation of the invention,

FI1G. 2 1s a diagrammatic representation of a filling facility
according to the mvention,

FI1G. 3 15 a pressure-temperature diagram representing the
curves of the change of state of the ammonia and of
decomposition of the barium chloride used 1n a second mode
of implementation of the invention.

In the first example of implementation of the invention, a
tank 1 1s to be filled with ammonia gas 1n order to store it in

solid phase 1n said tank.
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Said storage tank 1 contains a reagent, in this instance
bartum chlornde, for the purpose of reacting with the ammo-
nia and producing a solid reaction product according to the
reaction:

BaCl,+8(NH,) < BaCl,+8(NH; ) +0H 5

The reagent 1s mixed with a matrix binder, the purpose of
which, as previously mentioned, is to allow free circulation
ol the gas to be stored and good contact thereof with the
mass of the reagent, and on the other hand to evacuate the
heat produced by the reaction. The mixture composed of the
reagent and the matrix binder will be designated as reactive
mixture.

Tests carried out by the applicant have resulted 1n finding
that, to store a quantity of gas that 1s optimal with regard to
the storage volume, the proportion of reagent in the reactive
mixture should be far greater than what 1s used 1n cold
production devices using a thermochemical reaction of the
same type.

Thus, 1n these latter devices, the proportion T of reagent
1s on the order of 75% to 78%, that is, the reactive mixture
contains by weight 75% to 78% reagent and 25% to 22%
expanded natural graphite.

According to the mvention, a reactive mixture 1s used 1n
which the proportion by weight of reagent 1s between 85%
and 96% and preferably on the order of 94%. The apparent
density of the reactive mixture composed of expanded
natural graphite and the reactant salt will fall between 40 and
120 kg/m”> and preferably on the order of 50 kg/m”. Under
these conditions, 1t 1s known that a quanftity of 500 g
ammonia can be stored 1n a volume of one liter of reactive
mixture.

The method of filling according to the invention makes it
possible to control the filling speed 1 order to fill the
reactive mixture with the gas to be stored as quickly as
possible, without the gas at any time changing to liquid
phase, which would dissolve the reagent and thus irrevers-
ibly deteriorate 1t.

Represented in FIG. 1 1s a curve a that 1s representative of
the change of state of the gas with which the storage tank 1
1s to be filled, 1.e., the ammonia, and a curve b that is
representative of the decomposition of the reagent composed
of bartum chloride, as a function of the temperature and
pressure.

In this mode of implementation of the invention, a filling
temperature T, 1s chosen, equal for example to 22° C., and
the segment AB between point A representing the saturation
vapor pressure of the gas at that temperature and point B that
represents the decomposition temperature of the reagent,
1.€., the bartum chloride, at that same temperature, 1s taken
into consideration. A point C called filling point 1s chosen on
said segment AB. Based on the choice of said filling point,
the filling can be optimally controlled 1n accordance with the
needs imposed by the selected application.

Thus, the closer the filling point C 1s to the curve a, the
faster the filling of the storage tank will be, but the risk
increases of allowing drops of liquid nto 1t.

Therefore, 11 for a given application, the filling time of the
storage tank 1 1s not vital, but 1t 1s essential that not a drop
of liguid gas can penetrate the tank, then a filling point C 1s
chosen, for example midway between points A and B, as
represented in FIG. 1.

Under these conditions, 1t can be seen 1n FIG. 1 that for
the filling temperature T, o1 22° C. and an operating point C
midway between A and B, the pressure is 6.10° Pa, which
represents the filling pressure P,. For ammonia, at said
pressure P, the vaporization temperature 1s 10° C.




US 9,625,096 B2

S

Under these conditions, according to the present inven-
tion, to fill the storage tank 1 with ammonia so that at no
time during the course of the filling operation does liquid gas
penetrate 1mnto said tank, said tank 1s brought to and main-
tained at a filling temperature T, of 22° C. and the container
2 containing the ammoma 1s brought to and maintained at a
temperature T, of 10° C., equal to 1ts vaporization tempera-
ture at the filling pressure P,.

To accomplish this, as represented 1n FIG. 2, for example
the storage tank 1 to be filled 1s 1mmersed in a vessel 4
containing a bath thermostatically controlled at the tempera-
ture T, of 22° C. and the container 2 contaiming the ammomnia
1s immersed 1n another vessel 6 containing a bath thermo-
statically controlled at the temperature T, of 10° C., and the
storage tank 1 and the container 2 are placed 1n communi-
cation by a conduit 8.

According to the mvention, maintaining the storage tank
1 at temperature as well as the container 2 containing the
ammonia can be done with means other than thermostati-

cally controlled baths, for example by heating or cooling
collars.

Respective curves can be defined for which all of the
filling points C are located in a specific position on the
segment AB, and particularly in the middle thereof.

Represented 1n FIG. 1 1s a curve d on which all of the
filling points C are in the middle position.

A second filling point C' 1s placed thereon, which corre-
sponds to another filling temperature T'r, 25° C., and a filling
pressure P'r of 8.10° is therefore obtained for which the
vaporization temperature of the ammonia T'g 1s equal to 15°
C. Under these conditions, the storage tank 1 will be
maintained at a temperature T'r of 25° C. and the container
2 containing the ammonia at a temperature T'g of 13° C.

Thus, as mentioned before, and depending on the appli-
cations, the filling point C can be moved on the segment AB
and the limits of this positioning can be such that AC and BC
are zAB/10.

Under these conditions, P, being the filling pressure of the
storage tank 1, P, being the equilibrium pressure of the
reagent at the filling temperature T, and P_ being the satu
ration vapor pressure of the gas at the filling temperature T,

Pr=Pe+a(Ps-Pe) where 0.1<a<0.9

In another mode of implementation of the present inven-
tion and as represented i FIG. 3, a filling pressure P, 1s
chosen, for example of 5.10° Pa and the segment AB is
considered between point A, representing the vaporization
temperature T, of the gas (4° C.) at that pressure, and point
B representing the decomposition temperature T, of the
reagent (37° C.) at that same pressure. A filling point C 1s
chosen on said segment AB. Based on the position of point
C on the segment AB, the filling will be able to be controlled
optimally 1n accordance with the constraints specific to the
chosen application, as in the preceding mode of implemen-
tation. Thus, AC and BC>=AB/10.

Under these conditions, T being the filling temperature of
the storage tank 1, Tg being the vaporization temperature of
the gas at the filling pressure Pr, Te being the equilibrium
temperature of the reagent at the filling pressure Pr, and Tg
being the vaporization temperature of the gas at that same
pressure:

Ir=Tg+p(Id-1g) where 0.1<p<0.9

Thus, 1if for a given application, the filling time of the
storage tank 1 1s not vital, but 1t 1s essential that not a drop
of the liquid gas penetrate into said tank, a filling point C
will be chosen that 1s situated, for example, midway between
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the points A and B. Under these conditions, for a filling
pressure P, of 5.10° Pa, the filling temperature T, at which
the storage tank 1 will be maintained during the filling
operation will be 20° C. and the temperature T, at which the
container 2 containing the gas will be maintained will
therefore be 4° C.

However, if for another application, the filling time 1s
vital, then an operation point C' closer to point A will be
chosen, with the risk of allowing a few drops of liquid gas
into the storage tank 1, obviously to the detriment of the
working life of the reagent. Under these conditions, the
temperature T', at which the storage tank 1 will be main-
tained during filling, will then be 10° C.

The mvention claimed 1s:

1. A method of filling a storage tank with a gas, the gas
being 1n gaseous phase 1n order to store the gas in solid
phase, the method comprising:

providing the storage tank, the storage tank containing a

reagent, the reagent and the gas being such that, when
placed in the presence of each other, a thermochemaical
reaction occurs, resulting 1n the absorption of the gas by
the reagent and the production of a solid reaction
product, and conversely, a desorption reaction occurs of
the gas absorbed by the reagent resulting from the
application of heat to the reagent when the reagent has
absorbed the gas, the absorption and desorption reac-
tions resulting 1n an equilibrium occurring at an equi-
librium pressure and an equilibrium temperature;

wherein the gas 1s introduced into the storage tank at a

filling temperature and at a filling pressure, the gas
showing a saturation vapor pressure at the filing tem-
perature and a vaporization temperature at the filing
pressure, the filling pressure being equal to the equi-
librium pressure of the reagent at the filling temperature
plus o times the difference between the saturation
vapor pressure of the gas at the filling temperature and
the equilibrium pressure of the reagent at the filling
temperature; the value of a falling between 0.1 and 0.9
or the filling temperature being equal to the vaporiza-
tion temperature of the gas at the filling pressure plus
B times the difference between the equilibrium tem-
perature of the reagent at the filling pressure and the
vaporization temperature of the gas the filling pressure;
the value of {3 falling between 0.1 and 0.9.

2. The filling method according to claim 1, wherein the
gas 15 contained in a container before entering the storage
tank, the storage tank has a temperature, the container has a
temperature, and the filling pressure 1s regulated by adjust-
ing the temperature of the storage tank and/or the tempera-
ture of the container.

3. The filling method according to claim 2, wherein when
filling the storage tank at a given filling temperature, the gas
shows a vaporization temperature, wherein the storage tank
and the container are kept at a constant temperature, wherein
the container 1s kept at the constant temperature, which 1s
equal to the vaporization temperature of the gas at the given
filling pressure.

4. The filling method according to claim 3, wherein the
constant temperature 1s obtained by immersing the storage
tank and/or the container in a thermostatically controlled
bath.

5. The filling method according to claim 1, wherein the
reagent comprises a matrix binder.

6. The filling method according to claim 5, wherein the
matrix binder 1s composed of expanded natural graphite.
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7. The filling method according to claim 6, wherein the
expanded natural graphite has an apparent density falling
between 40 kg/m”> and 120 kg/m”.

8. The filling method according to claim 1, wherein the
gas 1S ammonia. 5
9. The filling method according to claim 5, wherein the
proportion by weight of the reagent 1n a reactive mixture
including the reagent and matrix binder 1s between 50% and

98%.

10. The filling method according to claim 1, wherein the 10
reagent comprises alkaline salts, alkaline-earth salts, or
metal salts.

11. The filling method according to claim 10, wherein the
reagent used comprises calcium chloride, bartum chloride or
manganese chloride. 15

12. The filling method according to claim 1, wherein «. 1s
equal to 0.5.

13. The filling method according to claim 1, wherein p 1s
equal to 0.5.

14. The filling method according to claim 7, wherein the 20
apparent density of the expanded natural graphite 1s equal to
50 kg/m”.

15. The filling method according to claim 9, wherein the
proportion by weight of said reagent 1s 94%.
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